We examined force related hemodynamic changes during the performance of a motor execution (ME) and motor imagery (MI) task by means of multichannel functional near infrared spectroscopy (fNIRS). The hemodynamic responses of fourteen healthy participants were measured while they performed a hand grip execution or imagery task with low and high grip forces. We found an overall higher increase of [oxy-Hb] concentration changes during ME for both grip forces but with a delayed peak maximum for the lower grip force. During the MI task with lower grip force, the [oxy-Hb] level increases are stronger compared to the MI with higher grip force. The facilitation in performing MI with higher grip strength might thus indicate less inhibition of the actual motor act which could also explain the later increase onset of [oxy-Hb] in the ME task with the lower grip force. Our results suggest that execution and imagery of a hand grip task with high and low grip forces, leads to different cortical activation patterns. Since impaired control of grip forces during object manipulation in particular is one aspect of fine motor control deficits after stroke, our study will contribute to future rehabilitation programs enhancing patient's grip force control.
Introduction
The main reason for the occurrence of a stroke is an oxygen deficiency of the brain caused by a disturbance of the blood supply. This oxygen deficiency results in necrosis of the brain cells. The results of the brain cell damage frequently include lasting disability. Such disabilities can be speech disorders (aphasia/dysphasia), swallowing problems (aphagia/dysphagia), vision loss perception problems, vascular cognitive impairments (Sun, Tan, & Yu, 2014) and mild to severe motor impairments. Impaired control of grip forces during object manipulation in particular is one aspect of fine motor control deficits following cerebral stroke (Hermsdörfer, Hagl, Nowak, & Marquardt, 2003) . Whereas cortical strokes affecting the cerebral cortex classically present with deficits such as neglect, aphasia, and hemianopia, subcortical strokes affect the small vessels deep in the brain, and typically present with purely motor hemiparesis affecting the face, arm, and leg. According to Langhorne et al., 80% of the disabilities caused by stroke are motor impairments, which include hemiparesis, incoordination and spasticity (Langhorne, Bernhardt, & Kwakkel, 2011; Langhorne, Coupar, &-Pollock, 2009; Schaechter, 2004) . In the first months after a stroke incident, the recovery of motor function due to rehabilitation care is most rapid. This recovery slows down and can reach a plateau by 6 months post-stroke (Hendricks, van Limbeek, Geurts, & Zwarts, 2002) . The standard motor rehabilitation therapy typically involves a mix of physical and occupational training exercises (Schaechter, 2004) although current evidence suggests that motor imagery provides additional benefits to these conventional therapies. In the past years many studies reported on the beneficial role of motor imagery (MI) for motor rehabilitation, especially for stroke rehabilitation (Mihara et al., 2012; Zimmermann-Schlatter, Schuster, Puhan, Siekierka, & Steurer, 2008) . Several studies provided evidence that MI has an effect on the neural activation of motor areas, similar to real execution and affecting motor learning (Munzert et al., 2009; Ruffino, Papaxanthis, & Lebon, 2017; Schuster et al., 2011) . In addition, MI training has similar effects like motor training, which both result in a more specific activation of the motor cortical areas and an increase in motor performance after training (Gentili, Han, Schweighofer, & Papaxanthis, 2010; Kaiser et al., 2014; Nyberg, Eriksson, Larsson, & Marklund, 2006; Zhang et al., 2011) . This is in line with one core assumption of the "simulation hypothesis" (Jeannerod, 1994) , where the mental rehearsal of a movement activates the same cortical areas like an actual motor preparation and execution. Furthermore, MI can be performed in two different ways, either visual (here we further subdivide into 1st person and 3rd person view) or kinaesthetic, leading to different cortical activation patterns. During a kinaesthetic MI, the focus is on the kinaesthetic experience of a movement while avoiding muscle tension. Visual imagery on the other hand is the mental visualization of a scene, in which the specific movement is executed. For example, Neuper, Scherer, Reiner, and Pfurtscheller (2005) compared these two different types of MI and observed stronger activation in motor-related areas during kinaesthetic MI. Moreover kinaesthetic MI has already been used for investigating the cortical reorganization processes after a stroke which are induced by the damaged brain in order to compensate for the motor deficits by extending the functional scope of the intact areas of the brain (Calautti & Baron, 2003) . Furthermore the ongoing reorganization has been proven to be in relation to the recovery of motor functions (Schaechter, 2004; Ward, Brown, Thompson, & Frackowiak, 2003) . Ward et al. (2003) furthermore showed a clear relationship between task-related activation of the motor system and outcome after stroke. Moreover, they showed in a later study (2006) that premotor regions play a functionally relevant role in optimizing motor output and that neural reorganization after stroke is a dynamic process depending on anatomy of damage and the demands of a task.
Although in the past years new knowledge about the recovery and reorganization of neural networks after stroke was achieved, its translation in clinical settings is still problematic. Many stroke patients still have some degree of motor impairment after completing a standard rehabilitation program. Currently some rehabilitation centres already use computer-aided therapy which offers patients with neurological disorders a new and promising path to recovery. For example, a special sensor handle enables the measurement of the power grip in the human hand. This system, integrated in interactive therapy games, supports patients in recovering their lost hand functions at different levels (Wiederhold & Riva, 2013) . One possible rehabilitation training exercise is the performance of a hand grip task. This exercise can be used to objectively assess the training progress, because of the possibility to measure the used force of the hand grip. Another advantage of a hand grip exercise is the fact that the ability to perform a hand grip after a stroke returns earlier than single finger movements, and therefore can be used for training earlier after stroke (Ward et al., 2003) .
Based on this knowledge we used a hand grip exercise, the strength of which was additionally measured by a commercially available sensor handle. The hemodynamic responses (reflecting activity) during the specific hand grip exercises were simultaneously measured by means of functional near infrared spectroscopy (fNIRS). fNIRS is an emerging non-invasive optical technique for the in vivo assessment of cerebral oxygenation. In the following, the concentration of oxygenated haemoglobin (oxy-Hb) and deoxygenated haemoglobin (deoxy-Hb) is denoted as [oxy-Hb] and [deoxy-Hb] ). In recent years multichannel fNIRS has been used to study functional activity of the human cerebral cortex (for a review see e.g. Cutini, Moro, & Bisconti, 2012; Dieler, Tupak, & Fallgatter, 2012; Leff et al., 2011; ) and is becoming an established research tool in neuro-rehabilitation (for an overview see e.g. Arenth, Ricker, & Schultheis, 2007; Scholkmann et al., 2014) . Furthermore there are also a few studies utilizing fNIRS to investigate neurocognitive processes associated with neurological and psychiatric disorders (Ehlis, Bähne, Jacob, Herrmann, & Fallgatter, 2008; Hock et al., 1997; Irani, Platek, Bunce, Ruocco, & Chute, 2007) . We have chosen this method since it is currently a well-established and promising neuroimaging tool for scientifically motivated studies of healthy volunteers but could also be easily integrated in the diagnostic and monitoring of stroke patients. (Aries et al., 2012; Budohoski et al., 2012; Obrig, 2014; Obrig & Steinbrink, 2011) .
In the present study the neural correlates of ME and MI of a hand grip task with two different grip forces were investigated by fNIRS. We hypothesize that the hemodynamic response during MI and ME of the hand grip exercise is correlated with the grip force used. Based on the literature we further assume that the cortical activity during the performance of ME will be higher for both grip strength compared to MI.
Methods

Participants
Thirteen right-handed healthy participants took part in this study, five females and nine males. The mean age of the participants was 25 ± 3 years (mean ± SD). All participants had normal or corrected to-normal vision, and no experience with motor imagery prior to this study. The study was approved by the local ethics committee (Medical University of Graz) and is in accordance with the ethical standards of the Declaration of Helsinki. After a detailed written and oral instruction they gave informed written consent to participate in the study.
Experimental procedure
The participants were seated in a comfortable armchair in a dimmed cabin about 1.4 m in front of a monitor. After the montage and calibration of the fNIRS system the sensor handle was fixed on the right hand and the participants had to grip (palmar grasp) it as forceful as possible five times. The maximum grip strength (MGS) of each participant was calculated by averaging the performed five trials. A test run was presented on the monitor allowing the participants to become familiar with the tasks and the sensor handle device. The measurement consisted of an alternation of runs with MI and ME. Every participant underwent six runs, three runs with ME, and three runs with MI, in randomized order. Irrespective of whether the condition was MI or ME, the experimental design of a run was the same. Every run consisted of 20 trials (10 trials with 20% of the MGS, 10 trials with 40% of the MGS), with a random alternation of the trials. The two grip strength, 20% and 40% were chosen based on the results of a prior fNIRS pilot study where we compared 20%, 40% (Ward et al., 2003) and 60% of the MGS. In this pilot study participants performed 40 trials (1 trial lasted 10 s) of a hand grip task with each force. We found that the hand grip task with 60% of the MGS was too exhausting and participants were not able to produce the required force during the whole trial. Furthermore we found more artefacts in the fNIRS data. The grip forces of 20% and 40% of the MGS showed distinct brain activity and could be executed easily. To ensure a consistent kinematic performance we have chosen these grip forces of 20% and 40% of the MGS (Ward et al., 2003) for the main experiment. The timeline of a trial can be seen in Fig. 1 . The start was indicated by the appearance of three white lines, encouraging the participants to concentrate on the screen. After one second, one of the lines disappeared and the remaining red line represents the requested hand grip strength during this trial. To control the grip strength, the instantaneous gripping force measured by the sensor handle was provided in form of a white feedback bar. This feedback bar appeared at the start of the task performance, indicating the current grip strength. The stronger a subject gripped the sensor handle, the longer the feedback bar was. As the correct grip strength was indicated by a green line, the participants were able to adjust their current grip strength according to the feedback bar. After 10 s hand grip performance, the screen turned black and the inter-trial interval, with a duration randomly varying between 10 and 14 s, started.
For the ME condition, the participants were instructed to continuously perform a hand grip whereas the target strength was indicated by the red line on the screen. Participants had no problems to press the sensor handle with both forces for several times in 10 s. The MI condition followed the same procedure, but instead of the execution of a hand grip, the imagination of a kinaesthetic experience of such a hand grip had to be performed. Before the start of the experiment, participants performed several imagery trials to get familiar with the task. Since Holper and Wolf found higher activation during MI tasks with feedback than without feedback (Holper & Wolf, 2010) , sham feedback was presented during the task performance. The sham feedback in the MI trials was presented similarly to the feedback in the ME condition. The sham feedback was artificially created and comparable to the achieved success rate during the ME condition. It was the same for each participant.
fNIRS measurement
The fNIRS measurement was performed by using a multichannel continuous wave (CW) system (NIRScout 1624, NIRx Medizintechnik GmbH, Berlin, Germany). This system calculates changes in [oxy-Hb] and [deoxy-Hb] concentration using a modification of the Beer-Lambert approach. Since CW systems cannot measure the tissue optical pathlength (for a review see Ferrari & Quaresima, 2012 ) the scale unit of the system is the molar concentration multiplied by the unknown pathlength (mM mm). The used optode probeset consisted of 16 light emitters with two different wavelengths (760 nm and 850 nm) and 22 photo-detectors, resulting in a total of 61 channels (see Fig. 2 ) and a sampling rate of 3.91 Hz. The inter-optode distance was 3 cm. In order to ensure a replicable placement of the optodes, detector 12 was placed at position Cz according to the international 10-20 system for EEG measurements. Furthermore, we defined seven regions of interest (ROIs) which cover parietal and motor cortical areas (Cao et al., 2015; Hatakenaka, Miyai, Mihara, Sakoda, & Kubota, 2007; Sagari et al., 2015) : ROI1 (channels 8, 15, 18, 28) and ROI3 (channels 12, 19, 22, 32) cover the left and right premotor cortex (PMC) respectively, ROI2 (channels 17, 18, 19, 20) the supplementary motor area (SMA), ROI4 (channels 28, 29, 30, 31) and ROI5 (channels 32, 33, 34, 35 ) the left and right sensorimotor cortex (SMC), ROI6 (channels 31, 41, 44, 51) and ROI7 (channels 35, 45, 48, 55 ) the left and right parietal regions respectively. The 7 ROIs are marked by dashed lines in Fig. 2 . We have chosen these areas since it is suggested that MI and ME have some common and overlapping networks (Ehrsson et al., 2000; Gao, Duan, & Chen, 2011; Grefkes, Eickhoff, Nowak, Dafotakis, & Fink, 2008; Solodkin, Hlustik, Chen, & Small, 2004) involving the primary motor cortex (M1), the premotor cortex (PMC), the supplementary motor area (SMA) and parietal cortex.
Physiological data acquisition
Simultaneously with the fNIRS recording, physiological data of, namely electrocardiogram (ECG), blood pressure (BP) and respiration (RP), were recorded. The ECG was recorded with electrodes placed on the thorax. For the recording of the RP a respiratory sensor (Respiratory Effort Sensor, Pro-Tech Services, US) was used. For both, ECG and RP recordings, a biosignal amplifier (g.USBamp Guger Technologies, Austria) with a sample rate of 256 Hz was used. The BP was registered at the proximal limp of index or middle finger with the CNAP Monitor 500 (CNSystems Medizintechnik AG, Austria). In order to measure the hand grip strength, a commercially available sensor handle was used, which is shown on the top of Fig. 1 . This device is able to measure a grip force up to 1000 N dynamically. The software of the sensor handle allows a transmission of the data via TCP connection to the PC. This connection allows data transmission via a custom made MATLAB script and the presentation of continuous feedback in the experimental paradigm.
Data processing
After a visual inspection of the raw fNIRS data by a trained expert, channels with poor signal quality (measurement noise) were marked for removal. Additionally trials containing motion artefacts were labelled and excluded for calculating task-related changes and topographic distributions. For the subsequent analysis only the [oxy-Hb] and [deoxy-Hb] data of non-marked channels covering functionally involved areas, namely the 5 ROIs, were used. For data processing a custom made MATLAB script (The MathWorks Inc., Natick, MA, version R2012b) was used. Baseline removal, i.e. a high pass filter with a cut-off frequency at 0.01 Hz, and low pass filtering (cut-off frequency at 0. (De Boer, Karemaker, & Strackee, 1986; Koepchen, 1991; Pfurtscheller, Ortner, Bauernfeind, Linortner, &-Neuper, 2010) , transfer function (TF) models were applied for artefact reduction. The recorded respiratory signal and the HR signals were thus band-pass filtered between 0.2 and 0.4 Hz, and 0.07 and 0.13 Hz, and down sampled to the sample rate of the fNIRS signals, i.e. 3.91 Hz. By applying the TF model on the down sampled signals, it is possible to reduce the systemic influences (Bauernfeind, Wriessnegger, Daly, &-Müller-Putz, 2014) .
The concentration changes of [oxy-Hb] and [deoxy-Hb] were averaged for each participant over each recorded trial per task. The signal changes were referenced to a baseline interval of −5 s to 0 s. Both ME and MI were repeated three times with 10 trials per condition, and thus between 30 and 25 data sets (depending on trial exclusion after artefact detection) went into the calculation of the mean values for each participant. Additionally, a calculation of the concentration changes of every ROI was performed by averaging over the signals of the four included channels, which are marked in Fig. 2 . The topographic distributions during the tasks are further visualized by plotting the [oxy-Hb] and [deoxy-Hb] values at their corresponding spatial positions.
Statistical analysis
In the following, ME tasks with 40% or 20% MGS are denoted as ME40 or ME20 and MI tasks with 40% or 20% MGS are denoted as MI40 or MI20, respectively.
Statistical analyses were performed on the maxima of the concentration changes of [oxy-Hb] and minima of [deoxy-Hb] for each participant and each ROI. Due to technical problems, one subject was excluded from all calculations. As a result the data of 13 of the 14 participants went on to further analysis. In the following, the maximum values of the concentration changes of [oxy-Hb] and minimum values of [deoxy-Hb] [deoxy-Hb] were defined for each participant individually by visual inspection. For group analysis we averaged the maximum peak amplitude ± 4 s of the signal. These parameters run into the analysis of variance (ANOVA) and t-tests, using RStudio (Version 0.99.902.). Whenever the sphericity assumption was violated, Greenhouse-Geisser corrected values were used for further analysis. Effects of the F-and t-statistical analyses were Bonferronicorrected for multiple comparisons.
To investigate cortical changes during ME and MI a 2 × 2 × 7 ANOVA with repeated measurements was calculated. The dependent variables were the averaged max[oxy-Hb] and min [deoxy-Hb] values. The within-group factors were "TASK" (ME and MI), "FORCE" (20% and 40%) and "ROI" (left PMC, SMA, right PMC, left SMC, and right SMC, left parietal and right parietal).
For post hoc analysis, several paired-samples t-tests were calculated for max [oxy-Hb] and min[deoxy-Hb] values separately.
Results
Overall we found significantly higher [oxy-Hb] concentration changes for ME compared to MI. The ANOVA with [oxy-Hb] as the dependent variable yielded a significant main effect for "TASK" (F (1, 12) = 29.49; p < 0.001; ME: M = 0.053, SE = 0.009; MI: M = 0.031, SE = 0.007). Furthermore the interactions ROI × FORCE (F(6, 72) = 3.81, p = 0.002) and ROI × TASK × FORCE (F(6, 72) = 2.48, p = 0.031). The factor "FORCE" showed a trend to significance (F(1, 12) = 4.61, p = 0.053). The ANOVA with [deoxy-Hb] as the dependent variable yielded no significant differences. We will thus only illustrate and describe the results contributing to [oxy-Hb] changes as the dependent variable. All results of the 2 × 2 × 7 ANOVA for repeated measurements of [oxy-Hb] concentration changes are summarized in Table 1 . In the following we describe the results for ME and MI separately in Sections 3.1 and 3.2 respectively. Fig. 3 shows the results of the ME task for [oxy-Hb] and [deoxy-Hb] for each ROI (ROI1-ROI7) and both forces (black line: 40%; grey line: 20%), averaged for the 13 participants. The two vertical lines indicate the start point (t = 0 s) and end point (t = 10 s) of the task performance. The task related changes of [oxy-Hb] for ME40 increase steeply immediately after task onset and reached a first peak maximum already around second 3. In contrast the [oxy-Hb] concentration for ME20, showed a slower increase with a delayed peak onset. To further investigate this peak latency effects we calculated several paired-samples t-test, comparing the peak onset differences of ME20 and ME40 for the first peak maxima of [oxy-Hb] . All ROIs showed a significant peak latency effect for condition ME20 (ROI1: t(12) = 23.07; ROI2: t(12) = 21.4; ROI3: t(12) = 35.1; ROI4: t(12) = 23.9; ROI5: t(12) = 23.5; ROI6: t(12) = 27.1; ROI7: t(12) = 21.2; all p < 0.001).
Results motor execution (ME)
The performed paired-samples t-test on [oxy-Hb] level changes and [deoxy-Hb] level changes revealed no significant differences between the peak maximum of ME40 (M = 0.054, SE = 0.008) and ME20 (M = 0.052, SE = 0.012). The highest [oxy-Hb] concentration change was observed for ME40 in the left SMC (ROI4) with 0.046 mMmm at second 8.7.
In Fig. 4 the topographic map of grand average concentration changes for [oxy-Hb] and [deoxy-Hb] at four different time frames (t = 0-5; t = 5-10; t = 10-15; t = 15-20) for ME20 (Fig. 4A) and ME40 (Fig. 4B) is illustrated. Remark: An increase in oxy/deoxygenation is indicated by blue colours and a decrease in red colours.
Whereas ME20 showed a longer lasting activation (t2 and t3), the activation changes over motor-related ROIs for ME40 occur mainly during t2 (5-10 s), which is caused by the peak onset delay of ME20. S.C. Wriessnegger et al. Brain and Cognition 117 (2017) 108-116 Additionally to enhanced activation patterns in motor-related ROIs we observed an activation focus in parietal regions (ROI6, ROI7). This was also supported by the significant ROI × TASK × FORCE interaction of the main ANOVA. Post-hoc analysis indicated significant stronger [oxy-Hb] changes only for the higher grip strength (40% of MGS) between ROI2 and ROI7 (t(12) = 2.98, p = 0.011, ROI3 and S.C. Wriessnegger et al. Brain and Cognition 117 (2017) 108-116 ROI7 (t(12) = 2.819, p = 0.015, ROI4 and ROI7 (t(12) = 3.625, p = 0.003 and ROI5 and ROI7 (t(12) = 2.838, p = 0.015. Significant grip strength differences (comparing ME20 and ME40) were only found in ROI7, the right parietal region t(12) = 3.961, p = 0.002). According to the late activation onset of the task we compared the peak maxima of [oxy-Hb] changes during second 10-15, where a clear peak maximum occurred (see Fig. 5 ). The results of the paired-samples t-test comparing the peak maxima of [oxy-Hb] MI20 and MI40 for each ROI revealed significant differences in ROI1 (left PMC) (t(12) = 2.533, p = 0.026), ROI2 (SMA) t(12) = 4.256, p ≤ 0.001, ROI3 (rightPMC) (t (12) = 2.652 = 0.021, ROI4 (left SMC) (t(12) = 4.655, p ≤ 0.001 and ROI5 (right SMC) (t(12) = 4.261, p ≤ 0.001). The calculated average of the maximum values for MI40 is 0.027 mMmm (SD = 0.023), and for MI20 0.037 mMmm (SD = 0.025). For [deoxy-Hb] , no significant differences between the two forces were revealed.
Results motor imagery (MI)
In Fig. 6 the topographic map of grand average activation for [oxyHb] and [deoxy-Hb] at four different time frames (t = 0-5; t = 5-10; t = 10-15; t = 15-20) for MI20 (Fig. 6A) and MI40 (Fig. 6B) is illustrated.
An increased [oxy-Hb] concentration level for MI20 can be observed over the prefrontal cortex right (ROI3) (t(12), parietal and visual areas, indicating a more distributed network of activation (see Fig. 6A , enlarged topographic map). In contrast to MI20, for MI40 an overall decreased activation pattern was observed in all ROIs. Additionally [oxyHb] concentration level increases for MI20 were found in frontal and parietal regions.
Discussion
The aim of the study was to investigate the hemodynamic responses of different grip strength during motor imagery (MI) and motor execution (ME) of a hand grip task. We expected differences between the two grip forces for both conditions in motor related areas. The vividness of MI depends on the experience in performing the task, the content of the task and the imagery creating ability of the individual. Experience in performing the task can be considered as given, since it can be expected that the participants have already frequently performed hand grips in the course of their everyday lives. Additionally, each subject had to perform several hand grip exercises as training prior to the measurement.
For the interpretation of the fNIRS results, it is important to consider that increases in [oxy-Hb] and slight decreases in [deoxy-Hb] are typical for cortical activation (Vanzetta & Grinvald, 2008) . By analogy, increases in [deoxy-Hb] accompanied by decreases of [oxy-Hb] indicate a cortical deactivation (Obrig & Villringer, 2003) . The performance of the hand grip tasks with different grip strengths revealed different hemodynamic responses indicated by the results of the 2 × 2 × 7 ANOVA on the factors "Task" (ME and MI), "Force" (20% and 40%) and "ROI" (left PMC, SMA, right PMC, left SMC, right SMC, left parietal and right parietal).
Summarizing the study delivered the following four main important findings:
First, the overall increase of [oxy-Hb] during the ME condition for both forces was higher than during the MI condition. This is in line with our hypothesis and previous studies claiming a higher activation for ME than MI. For example, Wriessnegger, Kurzmann, and Neuper (2008) also examined the differences between ME and MI focusing on spatiotemporal characteristics. Their results also yielded stronger activation for ME than MI over motor related areas with faster [oxy-Hb] increase immediately after task onset.
Second, the hemodynamic changes are relatively similar over all regions of interest for both tasks and forces. Although we found higher [oxy-Hb] concentration changes in the left SMC for ME20 and ME40, this increase was not statistically significant. This is also not surprising since ME and MI often reveals a wide spread activation pattern in more complex motor tasks, as in our study (Hétu et al., 2013; Mizuguchi et al., 2013; Wriessnegger, Steyrl, Koschutnig, & Müller-Putz, 2014 , 2016 . By contrast Ward et al. (2007) found a force related modulation S.C. Wriessnegger et al. Brain and Cognition 117 (2017) 108-116 of brain activity in non-primary motor areas, namely a shifted activation pattern from M1 to PMC in patients with subcortical stroke. But this result was only found in the patient group they studied, not in the control group and further evidence for healthy participants is still missing. Third, the [oxy-Hb] increase for MI20 was higher than for MI40 in all ROIs. That is, the imagination of a hand grip task with MGS 20% leads to higher [oxy-Hb] changes compared to the imagery of a hand grip task with MGS 40%. This might indicate that it is easier to perform MI with higher grip strength, indicating less inhibition of the actual motor act, compared to one which might be more demanding in terms of attention such as the MI20. Furthermore, during MI20 of the hand grip task we found a fronto-parietal network activity (see Fig. 6 ). This is in line with previous studies suggesting a significant role of the fronto-parietal cortex in storing and accessing motor representation (Bonzano, Roccatagliata, Ruggeri, Papaxanthis, & Bove, 2016; Hanakawa, Dimyan, & Hallett, 2008; Hanakawa et al., 2003) .
The fourth main finding of the present study was the latency shift of the [oxy-Hb] peak maxima for ME20. The task related changes of [oxyHb] for ME40 increase steeply immediately after task onset and reached a first peak maximum already around second 3. In contrast the [oxyHb] concentration for ME20, showed a slower increase with a delayed peak onset.
For both, ME20 and ME40, left SMC showed the highest [oxy-Hb] values with the fastest response onset for both conditions. A possible reason, why the left SMC was higher for both conditions than the left PMC, is the difference in the role of these brain regions. It is commonly known that the PMC is involved in the planning of movements, whereas the SMC is responsible for movement execution (Leff et al., 2011) . Furthermore other studies showed higher activity in the SMC and SMA during a power grip task, indicating an increase of hemodynamic responses with increased manual force (Dettmers et al., 1995; Ehrsson et al., 2000; Thickbroom, Phillips, Morris, Byrnes, & Mastaglia, 1998) .
Although the topographic maps indicated a possible lateralization effect for ME, it did not reach significance. Such lateralization effects during motor execution and motor imagery were reported by some studies. For example, Suto et al. found contralateral activation during a right finger tapping task (Suto et al., 2002) . Horovitz and Gore (2003) also detected higher activation over the motor cortex of the contralateral side as a result of finger tapping. Another study employing a tapping sequence done by Iso et al. depicted an increase of [oxy-Hb] in the contralateral somatosensory motor cortex during ME (Iso et al., 2016) . On the other hand, others reported bilateral activation during ME and MI. For example Kleinschmidt et al. (1996) found no lateralization effect in a combined NIRS-fMRI study during an unilateral finger opposition task. Also, Wriessnegger et al. detected bilateral activation during both MI and ME, except for left hand motor execution, which showed a contralateral activation (Wriessnegger et al., 2008) .
Additionally we found increased [oxy-Hb] in parietal as well as occipital areas in both conditions at both grip strengths. An increased parietal [oxy/Hb] change is supported by the fact that the anatomical connections between parietal regions and premotor areas are considered of particular importance for the sensory control of the hand, especially controlling grip information (Rizzolatti, Luppino, & Matelli, 1998) . Already in the 1980s it could be shown in several studies that lesions in the posterior parietal cortex cause disorders of grip formation (Jeannerod, 1986; Pause & Freund, 1989) . Also Ehrsson et al., reported on the involvement of the posterior parietal cortex in their study comparing power and precision grip tasks (Ehrsson et al., 2000) but the correlation between muscular force and the general pattern of human brain activity seems more complex than has previously been described (Dettmers et al., 1995; Thickbroom et al., 1998; Wexler et al., 1997) . S.C. Wriessnegger et al. Brain and Cognition 117 (2017) 108-116 The increased concentration changes of [oxy-Hb] in the occipital cortex are due to the focused attention of the participants to the visual feedback bar during the task. Although we found novel and very interesting results, it is inevitable that we must discuss some limitations in recommendations for future studies.
One limitation of this study was the lack of an evaluation technique for a person's mental imagery ability, for example with the Kinaesthetic and Visual Imagery Questionnaire-20 (KVIQ-20; Malouin et al., 2007) or the Movement Imagery Questionnaire-Revised Second Version (MIQRS; Gregg, Hall, & Butler, 2010) . These questionnaires would provide subjective evaluation of the vividness of MI and might have delivered additional aspects concerning the grip strength variation in the MI task. A possible improvement for the MI condition would be the use of real neurofeedback instead of sham feedback. Mihara et al. found that real neurofeedback led to higher activation in the premotor cortex and higher scores in self-assessments (Mihara et al., 2012) . Another limitation of this study was the lack of an EMG recording concurrently with the MI condition, in order to exclude muscular activation. Although we observed the participants through the whole experiment via a webcam it might have been more effective using EMG. Since we have already simultaneously measured ECG and blood pressure during the experiment to guarantee a precise artefact correction we decided to avoid additionally wiring of the participants. Finally, we received statistically significant effects but the relatively small sample size of 13 participants should be increased in future studies to strengthen these findings.
Since MI training has rapidly become a key instrument for reactive sensory-motor networks affected post-stroke (Nilsen, Gillen, & Gordon, 2010; Takeuchi & Izumi, 2013) our results could contribute to future programs focusing on upper limbs rehabilitation. But also MI-based Brain-Computer Interface (BCI) are of main interest within the field of post-stroke rehabilitation (Alonso-Valerdi, Salido-Ruiz, & RamirezMendoza, 2015) and performing a more natural hand grip task instead of simple hand/finger movements might lead to higher classification rates.
Due to the fact that repetition, intensity and perseverance in particular are keys to the improvement of ongoing motor rehabilitation, the additional use of motor imagery could prove to be very beneficial, moreover this is a task which could be readily implemented in daily exercises in clinics as well as at home.
Conclusion
We have demonstrated that different grip strengths in a hand grip task lead to different activation patterns in the ME as well as the MI condition. For ME the peak maxima of [oxy-Hb] changes occur later in time for the MGS of 20% compared to 40% but with a similar peak maximum value. For the MI condition we found significantly higher oxygenation changes in the 20% MGS task indicating a much more complex process performing an imagery of low grip forces. For both tasks we observed a similar cortical activation pattern over the defined ROIs, no differences were found between activation patterns in SMA, PFC or SMC. Additionally strong parietal [oxy-Hb] activation changes were found for both tasks, supporting existing evidence regarding the activation of a more distributed motor related network and the important role of parietal regions in sensory control of hand grip information. Our study showed for the first time the influence of different grip strengths during the imagery of a hand grip task on hemodynamic responses which might have an important impact in future stroke rehabilitation programs. MI is not, of course, the new panacea for stroke induced motor and cognitive impairments but it could have a beneficial effect in connection with conventional therapies. This has already been shown in several studies with patients (De Vries & Mulder, 2007; Kraft, Schaal 
